Introduction
The stable inheritance of biological information and phenotype across generations is a fundamental property of living systems. Prions, self-perpetuating and heritable protein conformations that cause multiple phenotypes, represent an unusual mechanism of information transfer that occurs via protein instead of nucleic acid (Wickner 1994) .
Prion proteins can assume at least two conformations and each conformation alters protein function, resulting in different phenotypes (Wickner et al. 2004; Shorter and Lindquist 2005) . When in the self-templating, or prion conformation, prion proteins acquire characteristics normally restricted to nucleic acids. The first prion protein identified, the mammalian protein PrP, can behave as a transmissible pathogen and causes a neurodegenerative disease in its prion form (PrP Sc ) (Prusiner 1998) . Prion proteins in fungi, which are functionally unrelated to PrP and to each other, act as nonMendelian elements of inheritance by switching to the self-perpetuating, cytoplasmically transmissible prion conformation (Wickner 1994 (Cox 1965 ) is the prion form of the translation termination factor Sup35, which causes nonsense suppression (Stansfield et al. 1995; Patino et al. 1996; Paushkin et al. 1996) .
[URE3] (Lacroute 1971 ) is an altered form (Wickner 1994 ) of the nitrogen catabolite repressor Ure2 (Courchesne and Magasanik 1988) . [RNQ + ] controls the ability of a cell to acquire other prions (Derkatch et al. 2000; Sondheimer and Lindquist 2000; Derkatch et al. 2001) . [Het-s] , found in Podospora anserina, causes heterokaryon incompatibility with certain mating partners (Rizet 1952; Coustou et al. 1997 ). (Du et al. 2008; Alberti et al. 2009; Nemecek et al. 2009; Patel et al. 2009 )), share key genetic and physical characteristics despite their disparate functions Shorter and Lindquist 2005) . Their phenotypes appear spontaneously at higher frequencies than those caused by genetic mutations. They are dominant, show non-Mendelian segregation following meiosis, and are also transmissible by cytoduction (cytoplasmic transfer). Physically, they form a self-templating amyloid conformation in the [PRION + ] state. Further, their inheritance is linked to the activities of chaperones, proteins that mediate conformational changes in other proteins. Transient changes in chaperone levels, particularly Hsp104, are sufficient to eliminate the prions permanently from cells. This occurs because chaperones alter the prion conformations and transmission to daughter cells. Once the prion template is gone cells are "cured" of the elements (Uptain and Lindquist 2002; Shorter and Lindquist 2005) . Another unusual feature is that transient overexpression of the prion protein causes permanent inheritance of the prion phenotype. This is because the protein::protein interactions involved in prion formation are more likely to occur at higher protein concentrations Ter-Avanesyan et al. 1993; Wickner 1994; Serio et al. 2000; Sondheimer and Lindquist 2000; Derkatch et al. 2001; Uptain and Lindquist 2002; Shorter and Lindquist 2005) . The yeast prions also share a distinctive feature with mammalian prions, a strong transmission barrier across species. Even subtle differences in amino acid sequence can reduce the ability of prion proteins from one species to convert the homolog from other species, even though the homologous protein is itself capable of forming a prion on its own (Aguzzi et al. 2007; Chen et al. 2007 ).
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The precise nature of the mammalian prion template is not known, but all of the well characterized fungal prions, as well as the newly discovered prions and prion domains (Du et al. 2008; Alberti et al. 2009; Nemecek et al. 2009; Patel et al. 2009 ) are self-templating amyloid amyloids. The simple and robust character of self-templating amyloids provides a compelling framework for protein-based inheritance (Glover et al. 1997; Shorter and Lindquist 2005) . Indeed, in many cases the amyloid has been shown to be the sole determinant needed for prion formation: recombinant amyloid fibers alone are sufficient to convert [prion -] cells to [PRION + ] cells (Maddelein et al. 2002; King and Diaz-Avalos 2004; Tanaka et al. 2004; Brachmann et al. 2005; Patel and Liebman 2007; Alberti et al. 2009 ). Amyloid structure is therefore commonly held to be a critical feature of all naturally occurring systems for protein-based inheritance. Indeed, a recent genomewide screen for new prion domains in yeast began by examining proteins likely to be amyloidogenic (Alberti et al. 2009 ).
Here we took a different approach. We searched the literature for S. cerevisiae phenotypes with prion-like inheritance patterns. One was described many years ago in a screen for cells with an alteration in carbon source utilization (Ball et al. 1976) . The basis of the screen was the extreme preference of S. cerevisiae for glucose as a carbon source.
In glucose media, cells repress genes necessary to process other carbon sources such as glycerol (Santangelo 2006) . Glucosamine, a non-metabolizable glucose mimetic, induces a similar repression. Therefore, yeast cells cannot use glycerol as a carbon source if even small amounts of glucosamine are present (Hockney and Freeman 1980; Nevado and Heredia 1996) . Some cells spontaneously acquire the ability to use glycerol in the presence of glucosamine, presumably due to defects in glucose repression. Some of these -6 -Brown and Lindquist exhibit dominant, non-Mendelian inheritance (Ball et al. 1976) . Further, the phenotype is neither carried by the mitochondrial genome nor by a plasmid (Kunz and Ball 1977 
Results

[GAR + ] shows non-Mendelian, infectious inheritance
We obtained cells able to utilize glycerol as a carbon source despite the presence of glucosamine, as did Ball and colleagues (Ball et al. 1976; Kunz and Ball 1977) , by selecting for cells that could grow in 2% glycerol in the presence of 0.05% glucosamine.
Colonies appeared at a frequency of approximately 5 in 10 4 cells in the W303 genetic background, well above the predicted mutational frequency (figure S01). Some recessive mutations allow growth on glycerol in the presence of glucosamine ( (Ball et al. 1976 ) see table S1 table) but the novel phenotypes described by Ball and colleagues were dominant.
Therefore, we first crossed our cells to wild-type cells. All diploids exhibited an unstable semi-dominant phenotype (figure 1a). Specifically, a mixed population was produced in which some diploids showed "strong" phenotypes (large colonies) and others "weak" phenotypes (small colonies; figure S02a). Cells with weak phenotypes invariably converted to strong over approximately 25 generations (data not shown). Notably, both mammalian and fungal prions exhibit "strong" and "weak" strains (Aguzzi et al. 2007 ).
In yeast, chromosomally inherited traits show 2 : 2 segregation following meiosis. figure 1d ). In comparison, the -8 -Brown and Lindquist frequency of heritable phenotypic change due to genetic mutation is generally ~1 in 10 6 haploid cells (Ohnishi et al. 2004 ).
We tested dozens of variants from each background for dominance. All exhibited the semi-dominant pattern observed in W303 ( figure 1b and data (Chernoff et al. 1995; Derkatch et al. 1997; Moriyama et al. 2000; Shorter and Lindquist 2004; Jones and Tuite 2005; Du et al. 2008; Alberti et al. 2009; Patel et al. 2009 ] was also not curable by growth on -9 -Brown and Lindquist guanidinium hydrochloride, which inhibits Hsp104's ATPase activity (Ferreira et al. 2001; Jung and Masison 2001) , nor by overexpression of HSP104 (data not shown).
We next tested the Hsp70 proteins Ssa1 and Ssa2 (Werner-Washburne et al. 1987) , mutations in which affect the inheritance of other prions (Sweeny and Shorter 2008) . These mutations are also a good measure of general chaperone sensitivity, as they induce production of most chaperone proteins (Oka et al. 1997) . Strikingly, all !ssa1!ssa2 meiotic products lost the ability to grow on glycerol in the presence of glucosamine (figure 1f and Rgt2 transmit a signal to the Yck1 and Yck2 complex, which then phosphorylates Mth1 and Std1, marking them for degradation (figure 2c) (Moriya and Johnston 2004) .
When glucose is not present, Mth1 and Std1 accumulate and interact with Rgt1. This complex then binds to the HXT3 promoter and represses transcription of HXT3 (Lakshmanan et al. 2003) .
We tested each gene in the Snf3/Rgt2 regulatory pathway for induction of [GAR + ]
when overexpressed from a plasmid with a strong constitutive promoter, GPD ( figure   2d ). In every strain test, STD1 caused an extraordinary increase in the appearance of colonies able to grow on glycerol in the presence of glucosamine. In W303, for example, -11 -Brown and Lindquist the increase was ~900 fold over empty vector; more than one in ten cells in these cultures converted to [GAR + ] . This is at the high end of prion inductions obtained by analogous experiments with other proteins (Masison and Wickner 1995; Derkatch et al. 1996) . figure   S05 ).
Finally, we screened a library of ~5000 ORFs (~85% of yeast ORFs) on a galactose-inducible single copy plasmid (Leonardo et al. 2002) figure S07 ). Mass spectrometry analysis identified the protein as Pma1, a large, highly abundant P-type ATPase with 10 transmembrane domains that is the major controller of membrane potential and cytoplasmic pH (Morsomme et al. 2000) . When the same assay was performed with isogenic !std1 cells, Pma1 was not detected. Notably, if Pma1 is indeed a constituent of the prion, we would not have identified it in our genetic screens. It is essential (Serrano et al. 1986 ) and therefore absent from the deletion library. Moreover, it is already the most abundant membrane protein in yeast and notoriously difficult to overexpress (Eraso et al. 1987 ). (Serrano 1983) , and its conformation (Miranda et al. 2002) through residues S899, S911, and T912 in the C-terminal tail, which faces the cytosol (Eraso et al. 2006; Lecchi et al. 2007 ). We mutated S899, S911, and T912 to alanine, which cannot be phosphorylated, or to aspartic acid, which mimics constitutive phosphorylation. (Phosphorylated S911 and T912 are commonly observed in glucose media and the non-phosphorylated forms when cells are starved of glucose (Lecchi et al. 2007 )) S899 mutations and S911D and/or T912D mutations had no effect on 
The unstructured N-terminus of Pma1 is involved in [GAR
+ ] propagation
A characteristic of prions is that transient overexpression is sufficient for induction. However, Pma1 is the most abundant plasma membrane protein in yeast (Morsomme et al. 2000) and overexpression is not well tolerated (Eraso et al. 1987) . We found that we could obtain a three-fold increase in Pma1 protein levels with a CEN [GAR + ] is sensitive to a Pma1-dependent "species barrier"
Previously described yeast prion proteins exhibit changes in localization and solubility in the prion state (Uptain and Lindquist 2002) and affect the induction of other prions by cross templating (Derkatch et al. 2000; Derkatch et al. 2001 paradoxus, two closely related sensu stricto species that also exhibit glucose-mediated repression of the utilization of other carbon sources. First, we asked whether diploids of these species could also acquire the ability to utilize glycerol in the presence of glucosamine (figure 5a). They could, and they did so at a higher frequency than expected for mutation. (Chernoff et al. 1995; Patino et al. 1996; Derkatch et al. 1997; Ness et al. 2002; Cox et al. 2003; Kryndushkin et al. 2003; Shorter and One possibility is that [GAR + ] inheritance and propagation results from heritable alterations in Rgt2/Snf3 signaling involving a self-sustaining feedback loop. Indeed, Std1
and its paralog, Mth1, are subject to many feedback mechanisms involving their own transcription and degradation (Lakshmanan et al. 2003; Moriya and Johnston 2004; Polish et al. 2005; Kim et al. 2006) , and Std1 is found both in the nucleus and on the plasma membrane (Schmidt et al. 1999) . Furthermore, Pma1 is very abundant and Std1 is extremely scare (Morsomme et al. 2000) . Our data suggest that only a small fraction of signaling, the mechanism that maintains it must be remarkably robust, as it has been maintained in a highly stable state in some of our strains for six years now, with repeated dilutions into log phase, storage in the freezer and refrigeration, transitions back to room temperature, growth in liquid and on plates, in a wide variety of different media, through repeated rounds of growth into stationary phase (wherein most aspects of carbon metabolism undergo profound changes), and through starvation-induced meiosis.
Another possibility is that Whatever the mechanism may prove to be, Pma1, the major plasma membrane ATPase, and Std1, a much rarer and poorly understood signaling protein, contribute to a prion-like phenotypic state that heritably alters fundamental decisions about carbon source utilization. This heritable element, [GAR + ], has all of the definitive characteristics of a prion. It has been stated that prion-mediated epigenetic states are simply diseases of yeast (Nakayashiki et al. 2005) . Our findings that such an element controls something as fundamental to yeast biology as glucose repression, and that this element spontaneously arises at high frequency in diverse strains and sibling species, suggests that such epigenetic switches are actually integral to yeast biology. Clearly, self-propagating protein-based elements (prions) that can stably perpetuate biological states across generations operate over a much broader mechanistic landscape than previously supposed.
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Materials and Methods
Yeast strains and genetic manipulations
Strain construction and manipulation followed standard yeast techniques. A list of strains and plasmids used in this study is available in tables S1 and S2. Unless otherwise stated, data shown is from genetic background W303. Five-fold dilutions were used for all spotting assays. Media used were yeast peptone-based medium containing the designated carbon source (YPD, YPglycerol, YPgalactose), synthetic medium lacking a particular amino acid (SD), or glycerol glucosamine medium (GGM; 1% yeast extract, 2% peptone, 2% glycerol, 0.05% D-(+)-glucosamine [Sigma G4875]).
[GAR + ] frequency assays and isolation of [GAR + ]
Cultures for [GAR + ] frequency assays were grown overnight in 2% glucose, either YPD or SD, subcultured in the same, then grown to early exponential phase (OD 600 = 0.2-0.4).
Cultures plated straight to GGM and diluted 10 -4 for plating to YPD. Association with Std1 has previously been shown to facilitate the binding of Rgt1 to -36 -Brown and Lindquist DNA (Lakshmanan et al. 2003) . The association between Pma1 can either be transient or stable, but either way it aids in the establishment of an altered signaling pathway. This altered pathway is then maintained either by the contained association between Std1 and Pma1 or by a feedback loop within the signaling cascade itself. S899D  S911A  S911D  T912A  T912D  S911A T912A  S911D T912D  S911A T912D  S911D  T912A p < 2.8x10 [GAR ] +
